Objective: To assess the effect of dopaminergic repletion on working memory in Parkinson's disease. Methods: The role of dopaminergic state on working memory in patients with Parkinson's disease was determined using the Sternberg item recognition paradigm, a continuous performance task that dissociates the motor and cognitive components of response time. Ten patients with Parkinson's disease were tested in an "on" state (on dopaminergic drug treatment) and a practical "off" state in two sessions held one week apart in counterbalanced order; 10 controls matched for age and education were studied at the same time points. Results: Patients with Parkinson's disease showed impaired working memory, independent of motor slowing. During session 1, the performance of the patients was worse than the controls, regardless of dopaminergic state. The patients showed a significant improvement in the cognitive component of task performance during the second session, such that they no longer differed from the controls. The performance of the control subjects remained stable over the two sessions. Conclusions: Working memory performance of patients with Parkinson's disease did not change in association with dopaminergic state; rather, the performance improved over time. The pattern of improvement over time suggests a delay in proceduralising the task, similar to the deficits shown by such patients in procedural learning of other tasks.
W hile Parkinson's disease primarily impairs motor function, numerous studies have shown that it also affects cognition. Potential causes of cognitive deficit include incipient dementia, 1 depression, 2 and the adverse effects of drugs. 3 However, even untreated, non-depressed, non-demented patients can show cognitive deficits. 4 5 Domains of cognition that are related to frontal network function appear to be most affected, including executive function, 6 set switching, 7 and working memory. [8] [9] [10] [11] Working memory refers to the ability to maintain information "on-line" and manipulate it in the service of guiding behaviour. 12 Working memory is thought to be subserved by components of a frontostriatal circuit that includes the dorsolateral prefrontal cortex (DLPFC) and the caudate nucleus. 13 Dopaminergic projections to the DLPFC, 14 and possibly also to the caudate nucleus, 15 play a modulatory role in the function of the working memory network. In this framework, working memory deficits in Parkinson's disease could result from altered dopaminergic innervation of either the DLPFC, though the mesocortical pathway, or the caudate nucleus, through the nigrostriatal pathway. Recent findings that dopamine levels in DLPFC are actually increased in early untreated Parkinson's disease 16 cast doubt on a cortical dopaminergic deficiency, but either a deficit of dopamine in the caudate nucleus or deficiencies of other neurotransmitters projecting to the DLPFC [17] [18] [19] are possible mechanisms for working memory deficits.
Dopaminergic repletion improves the motor symptoms of Parkinson's disease, but its effects on working memory are unclear. Gotham et al studied patients with Parkinson's disease using various tasks that require working memory, including the Wisconsin card sorting test and the controlled oral word association test. 8 The patients performed worse than control subjects but their performance was not different in "on" (that is, on dopaminergic drug treatment) versus "off" states. In contrast, Lange and colleagues 20 showed that dopaminergic repletion improved both set switching and working memory performance on the Tower of London task compared with levodopa withdrawal in advanced Parkinson's disease.
The variability of performance in working memory tasks in patients with Parkinson's disease might reflect several factors including differing task demands and patient characteristics. In addition to working memory, the tasks employed in these studies also require the use of other cognitive functions such as spatial planning and mental imagery, so it is not possible to attribute the findings definitively to working memory.
Several studies have employed the Sternberg item recognition paradigm (SIRP) 21 to measure motor and working memory function independently in patients with Parkinson's disease. [22] [23] [24] The SIRP is a choice-reaction time test that dissociates the motor and cognitive components of response time. Accurate responses are predicated upon a temporarily stored representation of the targets that must be maintained in working memory for the duration of the trial. Sternberg has shown that there is a linear relation between response time and the number of targets the subject must keep "on-line". 21 The slope of the linear function provides a measure of the cognitive component of response time (the increase in response time with each increment in working memory load), and the y intercept provides a measure of the motor component of response time. The SIRP reliably activates the DLPFC in fMRI studies of normal subjects 25 26 and is repeatable with minimal practice effects. 27 Previous studies of SIRP in Parkinson's disease have yielded discrepant findings. Poewe and colleagues showed that patients with Parkinson's disease in the "off" state had motor slowing but intact working memory, while in the "on" state their motor slowing resolved but their working memory worsened. 22 This study may have been confounded by an order effect, as the Parkinson's disease patients were always tested first in the "off" state and then in the "on" state. Rafal colleagues employed the SIRP in rapidly fluctuating Parkinson's disease and found motor slowing without cognitive slowing in the "off" relative to the "on" state. 23 This study lacked an age matched control group and did not screen for dementia.
In the current study we investigated the role of dopaminergic repletion on working memory performance using the SIRP. We addressed the potential confounding variables by testing patients with Parkinson's disease in a practical "off" state (after a 12 hour period of drug withdrawal) and an "on" state (one hour after their drug treatment was given) in a counterbalanced order, one week apart. Age matched controls were tested at the same time points. All subjects were screened for dementia and depression. We hypothesised that subjects with Parkinson's disease would have impaired working memory in the "off" state and that these deficits would improve with dopaminergic repletion.
METHODS

Subjects
The protocol was approved by the local committee for clinical investigations, and informed consent was obtained from all subjects. Ten patients with Parkinson's disease were recruited from the movement disorders clinic at Beth Israel Deaconess Medical Center by advertisement. All patients met the NINDS diagnostic criteria for probable Parkinson's disease 28 and had shown a good clinical response to treatment with levodopa. Patients had mild to moderate bilateral disease, stage II-III in the Hoehn and Yahr scale. 29 At enrolment, nine were receiving levodopa/carbidopa, three were receiving dopamine agonists (one as monotherapy), three were receiving anticholinergic drugs (discontinued for at least 24 hours before testing), one was receiving amantadine, and one was receiving tolcapone.
Ten control subjects (four spouses and six members of the hospital community) were also recruited.
All subjects were screened for depression with the Beck depression inventory 30 and excluded if the score suggested a mood disorder (> 10). To screen for dementia, all subjects performed the Mattis dementia rating scale 31 and were excluded if they showed any evidence of impairment (total score < 135). Premorbid intelligence quotient was estimated using the American new adult reading test (ANART). 32 The demographic and screening data for all subjects are presented in table 1. There were no significant differences between Parkinson's disease patients and controls in age, estimated IQ, or years of education.
Sternberg item recognition paradigm
The SIRP was presented using MacStim™ (Victoria, Australia) on a Macintosh PowerBook (Apple computers Inc, Cupertino, California, USA), and responses were indicated by button presses on a response box. Subjects were visually presented with the digits to be remembered (the memory set), with memory set sizes of one, three, or five digits. They were then presented with trials consisting of the presentation of a single digit and were asked to indicate by pressing a key whether each trial digit was a member of the memorised set (a target) or not (a foil).
A block consisted of the presentation of the memory set followed by 20 trials, half consisting of targets and half of foils, in random order (the fixed set form of the SIRP). In order to respond correctly, subjects had to maintain the memorised set "on-line" for the duration of the block. Each testing session began with practice consisting of one block of each set size. The subjects then performed two blocks of each set size (one, three, and five) in random order for a total of six blocks or 120 trials. The dependent variables were accuracy and response times from correct trials.
Procedure
For the practical "off" state, Parkinson's disease patients were tested in the morning after an overnight (12 hour) period without drug treatment. For the "on" state, they took only levodopa/carbidopa one hour before testing, at a dose clinically equivalent to their usual morning medical regimen (selected by one author, DT, blinded to the test order). The motor score from the unified Parkinson's disease rating scale (UPDRS) was measured at the start of each session. The order of testing was counterbalanced, with five patients tested in the "off" state first and five in the "on" state first. The two test sessions were separated by one week. Control subjects were also tested during two sessions, one week apart.
Statistical analysis
Response time data were analysed by a randomised block analysis of variance, using the JMP statistical program (version 3.0, SAS Institute, Cary, North Carolina, USA). Set size was a continuous variable; group and session were factors; subjects nested within group was the random factor. Drug state ("on" v "off") was examined in the Parkinson's disease subjects. In these analyses, the set size term represents the slope, or the cognitive, working memory component of the response time and was considered to be a continuous variable. The y intercept term represents the motor component of the response time. A smaller slope indicates a smaller increment in response time for each additional item held in the working memory, and more efficient cognitive performance. A smaller y intercept indicates a faster motor component of the response time.
Response accuracy was compared using repeated measures analyses of variance with drug state ("on" v "off") or session (first v second) and set size (one, three, and five items) as repeated measures and group (normal v Parkinson's disease) as the between factor.
RESULTS
Motor symptoms in the Parkinson group
Patients with Parkinson's disease had significantly higher UPDRS motor scores in the "off" state than in the "on" state (UPDRS "on", 12.3; UPDRS "off", 22.0; mean difference −9.7; t(9) = 5.72, p < 0.001), indicating that the drug withdrawal did increase motor impairment.
Reaction time
Contrary to our initial hypothesis, in the Parkinson's disease group there was no effect of dopaminergic state on either the working memory component (drug state × set size effect, F(1,9) = 0.09, p = 0. interaction: F(1,18) = 2.6, p = 0.10). This trend was accounted for by the first session only. There was a dramatic difference in the two groups' working memory performances across sessions (group × set size × run interaction: F(1,18) = 15.2, p < 0.0001). While the Parkinson's disease group had a significantly higher slope (less efficient working memory) than the controls at the first session (group × set size interaction: F(1,18) = 12.9, p = 0.0003), this difference resolved completely by the second session, in which the Parkinson's disease group showed a trend to a lower slope (group × set size interaction: F(1,18) = 2.8, p = 0.09) (fig 1) . This 55% increase in cognitive processing speed in the Parkinson's disease group across sessions was highly significant (set size × run interaction: F(1,9) = 25.4, p < 0.0001) and occurred in all 10 patients (fig 2) . In contrast, the control subjects showed no significant change in slope across sessions (set size × run interaction: F(1,9) = 0.002, p = 0.97; session 1, µ = 0.061 (0.015); session 2, µ = 0.061 (0.015)) (figs 1 and 2). Nor did the intercept of the control group change across sessions (F(1,9) = 0.012; p = 0.91; session 1, µ = 0.544 (0.052); session 2, µ = 0.541 (0.051)). The groups did not differ in the intercept-the motor component of the response time-at either session (group effect, F(1,18) = 0.57, p = 0.45 at the first session; F(1,18) = 2.1, p = 0.16 at second session).
On a post-hoc basis, we examined whether the improvement in the working memory component (slope) of the Parkinson's disease group occurred during the first session or between the two sessions. Comparing the performance of the patients between the first and second blocks of the first session, there was no significant improvement (block × set size interaction: F(1,9) = 2.0, p = 0.15). However, there was a significant change between the second block of the first session and the first block of the second session (block × set size interaction: F(1,9) = 15.6, p < 0.0001) (fig 3) . This indicates that the improvement in working memory occurred between sessions. Control subjects showed no significant changes either within or between test sessions (p > 0.24 for all comparisons of individual test blocks).
Accuracy
There was no effect of dopaminergic repletion on accuracy in the Parkinson's disease group (F(1,9) = 0.18, p = 0.68). Collapsed across sessions and working memory load, there was no group difference in accuracy (F(1,18) = 1.7, p = 0.20); control, µ = 96.45 (2.37); Parkinson's disease, µ = 94.17 (5.07). However, there was an interaction of group and set size (working memory load) (F(2,36) = 3.31, p = 0.048). Patients with Parkinson's disease made more errors than controls only at the highest working memory load (set size of five digits) (t(38) = 2.29, p = 0.03). As with response time, subjects with Parkinson's disease were less accurate than controls in the high working memory load during the first session (t(18) = 2.17, p = 0.044), but performed as accurately as controls during the second session (t(18) = 0.94, p = 0.349). This improvement in performance in the Parkinson's disease group from the first to the second session approached significance (t(9) = 1.95, p = 0.084), while the performance of the controls did not change (t(9) = 0.0, p = 1.0). These data show that the Parkinson's disease group had improved working memory in terms of speed at the second session and a trend toward improved performance in terms of accuracy, ruling out a speed-accuracy trade off.
DISCUSSION
The findings show that the slowed response time of patients with Parkinson's disease relative to controls during working memory performance is a function of a cognitive slowing and not of motor slowing. Contrary to our initial hypothesis, this cognitive slowing was not affected by dopaminergic state; rather, it resolved over time. Moreover, the pattern of improvement between, rather than within, sessions suggests that patients with Parkinson's disease have delay in "proceduralising" their working memory performance.
Cognitive deficits in Parkinson's disease are sometimes attributed to confounding variables such as comorbid depression or incipient dementia. In this study, subjects with these conditions were excluded on the basis of stringent criteria after screening with detailed mental status and depression rating tests. We were also able to eliminate the potential confounding of motor slowing in assessing cognitive performance by using the SIRP. The SIRP dissociates motor and cognitive aspects of performance. Finally, we used a fixed set form of the SIRP, which emphasises working memory maintenance and minimises manipulative and set switching requirements.
We found that the motor component of the response time did not differ between the Parkinson's disease group and the controls and did not change with dopaminergic repletion. The findings with respect to dopaminergic repletion are not unprecedented. Some studies have found no change in simple response time (as opposed to choice response time or movement time) with dopaminergic repletion in patients with Parkinson's disease, 33 34 while others have found a decrease in simple response time. 35 36 Studies comparing subjects with Parkinson's disease with controls have generally found a longer simple response time in the "off" state in the former (reviewed by Jahanshahi et al 37 ), but there are exceptions. Using the SIRP, Smith and colleagues did not find slowing of the motor component of the response time in a group of dopaminergically depleted patients with Parkinson's disease. 24 Specific task characteristics, including the type of motor response required (for example button press, as in the current study, versus a response that requires a larger movement) may provide a partial explanation of these contrasting findings. 38 In addition, although the motor component of the SIRP is conceptually similar to simple response time, it differs in that it is a derived measure (the y intercept of the regression line) that isolates the motor component of response time.
Another possible reason for contrasting findings concerns the severity of the dopaminergic deficit. The subjects with Parkinson's disease in the current study were mildly affected. The long duration response to levodopa is more prominent in the earlier stages of Parkinson's disease and can last for several days. 39 Although the overnight 12 hour drug withdrawal in this study was sufficient to cause a significant increase in motor impairment (UPDRS), it may not have been sufficient to affect the motor component of response time, which did not differ from the control subjects.
We also found that dopaminergic state did not alter cognitive slowing. Again, it is possible that this finding is related to the state of dopaminergic deficiency, as discussed above. A dopamine effect on working memory might also have been masked by the improvement seen across sessions. If this were the case, the dopamine effect would have to have been considerably smaller than the session effect.
Reports on the effects of dopaminergic repletion on working memory performance in Parkinson's disease are inconsistent. Studies report improvement, 20 40 41 no effect, 7 8 42 and worse performance. 22 Moderate levels of dopamine in the DLPFC are hypothesised to improve cortical efficiency (the degree of neuronal activity required to perform a task), while excessive levels may impair efficiency. 42 The finding that dopamine levels are actually increased in early untreated Parkinson's disease 16 suggests that dopaminergic repletion in such cases may lead to excessive levels in the DLPFC. Differences in DLPFC dopamine levels may give rise to heterogeneous effects of dopamine repletion on working memory. Working memory task requirements may also influence study outcome. Working memory involves both maintenance and manipulation. Dorsal prefrontal cortex regions are thought to be preferentially recruited for manipulation and ventral regions for maintenance. 43 44 Tasks emphasising maintenance, such as the SIRP, may be less affected by dopaminergic repletion owing to their greater dependence on more ventral prefrontal cortex regions that are less affected in early Parkinson's disease. Although there was no change in task performance with dopaminergic repletion, the subjects with Parkinson's disease showed a significant 55% improvement in the cognitive component of the response time across sessions. We hypothesise that this improvement reflects a delay in proceduralising the cognitive aspects of task performance. Procedural learning refers to the acquisition of knowledge expressed through experience induced changes in performance. 45 The accurate performance of the patients with Parkinson's disease confirmed that they do not have difficulty comprehending the task; rather, they may have deficits in forming the programs to automate and optimally execute the task. Control subjects quickly form stable and efficient programs to perform this task, as reflected in their stable performance both within and between sessions. In contrast, subjects with Parkinson's disease appear to have a delay in optimising these programs. Several studies have shown that patients with Parkinson's disease have deficits in procedural learning tasks. [46] [47] [48] Our findings suggest that these procedural learning deficits can impair their performance of tasks that primarily tap other cognitive realms. However, with time and practice, affected individuals appear to be able to achieve normal performance levels.
An intriguing finding is that the improvement in the individuals with Parkinson's disease occurred during the intervening week between the sessions rather than within either session. While it is possible that with additional continuous exposure during the first session their performance would have improved, certain tasks require an intervening period of time and sleep for optimal performance. For instance, visual discrimination learning shows maximal improvement 48 to 96 hours after initial training, even without intervening practice. 49 Stickgold and colleagues recently confirmed that sleep after training is required for this improvement. 50 Performance of a different procedural learning task-the serial reaction time task-alters regional brain activity during the period of sleep that follows exposure. A subset of the brain regions active during task performance appears to come back on line during REM sleep. 51 Similarly, Walker et al have recently shown sleep dependent inprovement on a motor finger tapping task. 52 The role of extended exposure to the SIRP and the time course of the improvement is the basis of an ongoing study in our laboratory.
Our findings suggest that procedural learning deficits may explain impairments in working memory performance in Parkinson's disease. As this finding was unexpected, it requires replication. The pattern of neuropathology in Parkinson's disease could be seen as consistent with this hypothesis. Procedural learning is thought to be subserved by a frontostriatal network parallel to the working memory circuit, with cortical nodes in the primary motor, premotor, and supplementary motor cortices, and the striatal node in the putamen. 13 53 54 Working memory circuits and procedural learning circuits have separate striatal nodes, the caudate being preferentially involved in working memory. 55 Impaired dopaminergic projections from the substantia nigra to the caudate and putamen (the nigrostriatal pathway) form the pathophysiological basis of Parkinson's disease. Dopaminergic deficiencies are significantly more severe in the putamen than in the caudate. 56 As the putamen acts as the striatal node in the procedural learning circuit, patients with Parkinson's disease may have more difficulty with the procedural component of cognitive tasks.
If confirmed, these results have important implications for studies of cognitive function in Parkinson's disease. The delayed procedural learning found in our study could underlie impaired performance in other cognitive tasks. Cognitive deficits in patients with Parkinson's disease found in other studies may resolve with practice, over time. The relation between procedural and working memory components of task performance remains to be elucidated and may be critical in determining the basis of cognitive impairments in Parkinson's disease.
